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KineticsAbstract The ring expansion reaction mechanisms between cyclopropenylidene and cyclic CnH2nO
(n= 2, 3) compounds have been systematically investigated employing the second-order Møller-
Plesset perturbation theory (MP2) method in order to better understand the reactivity of cyclopro-
penylidene with epoxy compounds (oxirane and epoxypropane). Geometry optimizations and
vibration analyses have been performed for the stationary points on the potential energy surfaces
of the system. The calculated results show that cyclopropenylidene can insert into oxirane at its
CAO bond and into epoxypropane at its CAO or CAC bond. From the kinetic viewpoint, it is eas-
ier for cyclopropenylidene to insert into the CAO bond of oxirane than that of the CAO bond of
epoxypropane. For insertion into epoxypropane, it is easier for cyclopropenylidene to insert into its
CAO bond than CAC bond. Through the ﬁrst insertion step and the second ring-opened step, spiro
and carbene intermediates can been formed between cyclopropenylidene and epoxy compounds,
respectively. Through the following two H-transfer steps, carbene intermediate forms the products
of allenes and alkynes, respectively. From the thermodynamics viewpoint, the allenes are the dom-
inant product for the title reaction.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
C3H2 is a class of highly unsaturated carbenes, which consists
of three isomers, propynylidene, propadienylidene and
cyclopropenylidene. Among them, singlet cyclopropenylidene,
c-C3H2, is the most stable isomer [1–4], which has been very
recently detected and imaged through Atacama Large
Millimeter Array (ALMA) Science Veriﬁcation observations
[5]. Cyclopropenylidene containing the smallest hydrocarbon
ring is widely distributed in interstellar quiescent clouds, in
322 X. Tan et al.star-forming regions, and in circumstellar envelopes [6–11].
Recently, there has been increasing interests in cyclopropenyli-
dene. For example, the structural characters, thermochemistry,
and isomerization of cyclopropenylidene have been investi-
gated extensively [12–15]. By using a Fourier transform infra-
red spectrometer, the gas-phase high-resolution absorption
spectrum of cyclopropenylidene has been observed [16]. Var-
adwaj et al. have researched the photophysics of cyclopropen-
ylidene by using femtosecond time-resolved photoionisation
and photoelectron spectroscopy [17]. Cyclopropenylidene,
chlorocyclopropenylidene, and their deuterated isotopomers
have been studied by the threshold photoelectron-photoion
coincidence technique using VUV synchrotron radiation [18].
Because there is a neutral dicoordinated carbene center with a
lone pair and an accessible vacant orbital, cyclopropenylidene
has profound application in organic synthetic chemistry
[19–23].
Besides the experimental investigations mentioned above,
numerous theoretical studies have also been carried out for
cyclopropenylidene to determine its physical and chemical
properties [12,24–31]. Total atomization energies and enthal-
pies of formation of cyclopropenylidene have been evaluated
using the high-accuracy extrapolated ab initio thermochemistry
scheme [13]. The proton accepting and donating abilities of
cyclopropenylidene on its complexation with hydrogen
halides have been analyzed using DFT and MP2 theory [32].
However, less attention has been paid to the reactivity of cyclo-
propenylidene with the active species containing oxygenous
heteromonocycles. Therefore, in the present study, we have
performed comprehensive theoretical investigations on the
reaction mechanism between cyclopropenylidene and epoxy
compounds (oxirane and epoxypropane) by employing the sec-
ond-orderMøller-Plesset perturbation theory (MP2) method to
better understand the cyclopropenylidene reactivity. To the
best of our knowledge, this study is the ﬁrst report of the reac-
tion mechanism between cyclopropenylidene and oxygenous
small-ring compounds. The present results will enrich the avail-
able data for the relevant cyclopropenylidene chemistry.Table 1 Calculated relative energies (in kJ/mol) of the reactions be
the isolated reactants at the MP2/6-311+G* level of theory consider
Reaction Pathway Relative energies
OTSa
c-C3H2 + oxirane 178.6(178.2)
Pathway (O1) OTS1
25.5(10.9)
Pathway (O2) OTS2
35.3(16.3)
c-C3H2 + epoxypropane
ETSa
201.1(205.1)
Pathway (E1) ETS1
61.9(68.7)
Pathway (E2) ETS2
-49.2(-62.1)
ETSc
249.9(255.9)
Pathway (E3) ETS3
55.4(66.7)
Pathway (E4) ETS4
26.6(10.5)
a Data in the parentheses refer to the results at the CCSD(T)/6-311+G2. Calculational method
The second-order Møller-Plesset perturbation theory (MP2)
method [33] in combination with the 6-311+G* basis set has
been employed to locate all the stationary points along the
reaction pathways without imposing any symmetry con-
straints. Frequency analyses have been carried out to conﬁrm
the nature of the minima and transition states. Moreover,
intrinsic reaction coordinate (IRC) calculations have also been
performed to further validate the calculated transition states
connecting the reactants and products. Additionally, the rele-
vant energy quantities, such as reaction energies and barrier
heights, have been corrected with the zero-point vibrational
energy (ZPVE) corrections.
To further reﬁne the calculated energy parameters, single
point energy calculations have been performed at the
CCSD(T)/6-311+G* level of theory based on the optimized
geometries at the MP2/6-311+G* level of theory. As summa-
rized in Table 1, both levels can give consistent results for
the calculated reaction proﬁle. For the sake of simplicity,
the energetic results at the CCSD(T)/6-311+G*//MP2/
6-311+G* level have been mainly discussed below if not
noted otherwise.
All the calculations have been performed using Gaussian 03
program [34].
3. Results and discussion
Considering the structural similarity between epoxypropane
and oxirane, we will mainly discuss the reaction mechanisms
based on the reaction between cyclopropenylidene and epoxy-
propane, which is marked with superscript ‘‘E’’. As for the
reaction of cyclopropenylidene and oxirane, we mark it with
superscript ‘‘O’’.
As displayed in Scheme 1, four possible pathways for the
title reaction between cyclopropenylidene and epoxypropane
have been proposed. The geometric parameters for thetween cyclopropenylidene and epoxy compounds with respect to
ing the ZPVE correctionsa.
OIMa OTSb OIMb
237.0(224.7) 84.3(92.8) 106.0(117.1)
OP1
278.8(281.9)
OP2
283.0(272.6)
EIMa ETSb EIMb
305.7(286.5) 164.5(165.2) 190.0(193.3)
EP1
360.1(355.1)
EP2
-362.3(-344.0)
EIMc ETSd EIMd
280.6(263.1) 101.7(108.4) 114.6(124.1)
EP3
356.7(351.4)
EP4
365.2(346.4)
*//MP2/6-311+G* level of theory considering the ZPVE corrections.
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Scheme 1 Proposed four pathways for the reaction between cyclopropenylidene and epoxypropane.
Study on the reaction mechanism of cyclopropenylidene 323reactants (cyclopropenylidene (R1) and epoxypropane (ER2)),
transition states (ETS), intermediates (EIM), and products (EP)
involved in the pathways (E1), (E2), (E3) and (E4) are displayed
in Fig. 1. The calculated relative energies for the available sta-
tionary points have been summarized in Table 1. The possible
pathways, the geometric parameters for the species, and the
calculated relative energies for the reaction between cyclopro-
penylidene (R1) and oxirane (OR2) have been summarized in
Scheme 2, Fig. 2, and Table 1, respectively.
3.1. Step (a): insertion process to form a spiro intermediate
As for the ﬁrst step of the reaction, intermediate EIMa has
been formed along the reaction pathways (E1) and (E2) via a
barrier of 205.1 kJ/mol. The calculated unique imaginary fre-
quency of the transition state ETSa in the insertion process
of the step (Ea) is 758i cm1 at the MP2/6-311+G* level of
theory.
As shown in Fig. 1, the distances of C1AO and C1AC6 in
ETSa are 0.2254 and 0.2052 nm, respectively. The distance of
OAC6 in the ER2 fragment of ETSa has been elongated signif-
icantly to 0.1940 nm. Thus, in the transition state ETSa, two
new bonds of C1AO and C1AC6 are formed and the OAC6
bond breaks simultaneously. In other words, it is the insertion
process of C1 atom of the R1 fragment into the OAC6 bond of
the ER2 fragment, resulting in the formation of a spiro inter-
mediate EIMa. Moreover, as shown in Fig. 3, those changes
can be further validated by the IRC calculations on the basis
of ETSa. For example, both the distances of OAC1 and
C1AC6 decrease gradually along with the approaching of the
R1 fragment to the OAC6 bond of the ER2 fragment. At the
same time, the OAC6 bond increases gradually, suggesting that
the R1 fragment is inserting into the ER2 fragment. On the
other hand, the angle of C4C5C6 is stretching constantly, illus-
trating the transition from the four-membered ER2 fragment
to the ﬁve-membered EIMa. Additionally, on the basis of the
natural population analyses, electron transfers have been
observed from the C1 atom of cyclopropenylidene to the O
and C6 atoms of epoxypropane, where the charges on the
C1, O, and C6 are 0.085 (0.264), 0.670 (0.681), and
0.068 (0.359) for reactants (EIMa), respectively.Qualitatively, we can explain the insertion process from the
frontier molecular orbital theory since the frontier orbitals
(e.g., HOMO and LUMO) of a chemical species are very
important to deﬁne their reactivity and to determine the way
in which the molecule interacts with other species [35]. As dis-
played in Fig. 4, the weak strength of CAC and CAO bonds
can be reﬂected from the HOMO of epoxypropane. Obviously,
all of them are characterized by the p antibonding orbital. As
for cyclopropenylidene, the activity of C1 site can be reﬂected
from the largest contributions on the C1 atom to the compo-
nents of the whole HOMO. Therefore, C1 atom in cyclopro-
penylidene can insert into the CAO bond or the CAC bond
of epoxypropane. Furthermore, polar CAO bond is more
active than the nonpolar CAC bond. It is easier for cyclopro-
penylidene to insert into the CAO bond than it inserts into the
CAC bond of epoxypropane, which can be veriﬁed by the bar-
rier high of this insertion process (205.1 kJ/mol of insertion
into CAO bond vs 255.9 kJ/mol of insertion into CAC bond).
Additionally, the LUMOs of the reactants have also been
shown in Fig. 4. Note that the LUMO of oxirane (OR2) is
higher in energy than that of epoxypropane (ER2) thought
both of them are similar to each other in shape, where the orbi-
tal energies are 0.07601 and 0.07353 au for the former and the
latter, respectively. Therefore, the reactivity of cyclopropenyl-
idene with oxirane is higher than that of cyclopropenylidene
with epoxypropane because the ring expansion reaction is a
nucleophilic process, which can be supported by the calculated
barrier heights below.
Similar to the above explanations, we can account for the
reason that cyclopropenylidene can only insert into the CAO
bond of oxirane but not into the CAC bond. Furthermore,
because the tension of the three-membered oxirane is larger
than the tension of four-membered epoxypropane, it is easier
for cyclopropenylidene to insert into the CAO bond of oxirane
than insert into the CAO bond of epoxypropane.
As displayed in Fig. 1, the bond length between C2 and C3
(0.1323 nm) is close to the normal C‚C double bond, imply-
ing that C2 and C3 adopt sp2 hybridization. Moreover, this
point can be further supported by the natural bonding orbital
(NBO) analyses on the basis of the optimized geometries,
where the sp1.96 hybridization has been observed for C2 and
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Study on the reaction mechanism of cyclopropenylidene 325C3 atoms. Compared with the isolated cyclopropenylidene, the
bond length of C2AC3 in EIMa is shortened by 0.0014 nm. The
angle of C2C1C3 in EIMa is 53.0, which is decreased by 2.8
compared with that of the isolated cyclopropenylidene. There-
fore, the ring-tension of the R1 fragment in EIMa is larger than
that of the isolated R1. Because of the large tension in the
three-membered ring, the C1AC3 bond in EIMa will break.
Therefore, the second step of the reaction is the cleavage of
the C1AC3 bond followed by the formation of the intermediate
EIMb.
Analogously, as displayed in Figs. 2 and 5, the ring of
C1C2C3 in OIMa will break, which will form the intermediate
OIMb.3.2. Step (b): ring-opened process to form a carbene
intermediate
Through the cleavage of the C1AC3 bond, EIMa can convert to
EIMb via ETSb, where the barrier is 121.3 kJ/mol. The calcu-
lated unique imaginary frequency of the transition state ETSb
is 365i cm1. As displayed in Fig. 6, IRC calculations have
been performed on the basis of the calculated ETSb to investi-
gate the interactions between the two intermediates EIMa and
EIMb in the step (Eb) process.
As shown in Figs. 1 and 6, for the angle of C1C2C3 in ETSb,
it increases with the proceeding of the reaction. At the same
time, the bond distance of C1AC3 increases along with the
Figure 3 (Left) Selected bond length and bond angle changes along with the reaction coordinates of step (Ea) between
cyclopropenylidene and epoxypropane. (Right) IRC of ETSa and geometry evolution.
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Figure 4 Calculated HOMO (top) and LUMO (bottom) orbitals for cyclopropenylidene and epoxy compounds.
326 X. Tan et al.reaction, implying the breakage of the three-membered ring
involving C1C2C3.
In EIMb, all the non-hydrogen atoms are located in the
same plane approximately. The C2 adopts sp2 hybridization
and the C1AC2 bond distance is 0.1392 nm, which is longer
than the normal C‚C double bond. On the other hand, the
distance of C2AC3 (0.1401 nm) is shorter than the normal
CAC single bond. As for the C3 atom, it has a pair of lone elec-
trons, making the EIMb exhibit the carbene characters. In
other words, EIMb is active and can convert into a more stable
conﬁguration. In the following reaction process, as a common
intermediate for steps (E1) and (E2), EIMb will transform into
EP1 and EP2, respectively.For the reaction of cyclopropenylidene and oxirane, it has a
similar reaction mechanism for the formation of the OIMb
through a ring-opened process, where the corresponding bar-
rier high is 131.9 kJ/mol.3.3. Step (1): H-transfer to form allenes
In this reaction step (E1), the hydrogen transfers from C2 to the
adjacent C3, resulting in the conversion of EIMb into EP1 via
ETS1. Here, the calculated barrier is 124.6 kJ/mol and the
imaginary frequency of ETS1 is 599i cm1. In details, as shown
in Fig. 1, the distance of C2AH1 in ETS1 has been elongated to
Figure 5 (Left) Selected bond length and bond angle changes along the reaction coordinates of step (Oa) between cyclopropenylidene
and oxirane. (Right) IRC of OTSa and geometry evolution.
Figure 6 (Left) Selected bond length and bond angle changes along the reaction coordinates of step (Eb) between cyclopropenylidene
and epoxypropane. (Right) IRC of ETSb and geometry evolution.
Study on the reaction mechanism of cyclopropenylidene 3270.1177 nm, and the distance of C3AH1 is 0.1544 nm, which
indicates that the H1 atom can transfer from C2 to C3. At
the same time, the angle of C1C2C3 in ETS1 increases to
157.2 from 115.9 in EIMb, suggesting the conﬁguration of
alkene of EIMb will transfer into the allenes of EP1.
In EP1, the bond lengths of C1AC2 (0.1316 nm) and C2AC3
(0.1316 nm) are identical, which fall in the range of the inter-
mediate between C‚C and C„C bond lengths. The three
atoms, C1, C2, and C3, are almost on the same line, where
the angle of C1C2C3 is 177.9. Therefore, EP1 possesses the
typical structure of allenes. Along the reaction proﬁle, EP1 is
the most stable species, which is stabilized by about 355.1 kJ/
mol relative to the reactants.
As for the reaction of cyclopropenylidene with oxirane, the
OP1 is the most stable species along the reaction proﬁle, which
is stabilized by about 281.9 kJ/mol compared with that of the
reactants. After the three steps, cyclopropenylidene and oxi-
rane form the OP1, which is characterized by a four-membered
ring structure. On the other hand, cyclopropenylidene and
epoxypropane form the ﬁve-membered ring EP1. Obviously,
the four-membered ring OP1 has more tension than that of
the ﬁve-membered ring EP1. Therefore, the heat of reaction
released from the reaction of cyclopropenylidene with epoxy-
propane is larger than that of cyclopropenylidene with oxirane.3.4. Step (2): H-transfer to form alkyne
In the step (E2), H1 atom in EIMb migrates from C2 to C1,
resulting in the formation of the EP2 via ETS2 with the reac-
tion barrier of 131.2 kJ/mol. In EP2, the distance of C2AC3
is 0.1221 nm, which is the typical bond length of C„C triple
bond. Moreover, EP2 is relatively a stable product of alkynes.
As for the reaction of cyclopropenylidene with oxirane, it
has the similar reaction mechanism for the formation of the
OP2, which is exothermic with the value of 272.6 kJ/mol com-
pared with that of the reactants.3.5. Pathways (3) and (4)
As described in section 3.1, cyclopropenylidene can insert into
the CAC bond of epoxypropane as well, which is named as
reaction pathways (E3) and (E4). The geometric parameters
for the reactants, transition states, intermediates, and products
involved in the reaction pathways (E3) and (E4) are displayed
in Fig. 1. The calculated relative energies for the available sta-
tionary points have been summarized in Table 1. The barrier
height of the ﬁrst step (step (Ec)) (i.e. insertion process to form
a spiro intermediate EIMc of pathways (E3) and (E4)) is
328 X. Tan et al.255.9 kJ/mol, which is higher than that of the pathways (E1)
and (E2) (205.1 kJ/mol). Expectedly, it is a little difﬁcult for
cyclopropenylidene to insert into the nonpolar CAC bond of
epoxypropane than that of the insertion into its polar CAO
bond. Subsequently, the following processes of pathways (E3)
and (E4), including ring-opened process to form a carbene
intermediate EIMd (step (Ed)), H-transferred process to form
the EP3 of allenes (step (E3)), and H-transfer process to form
the EP4 of allenes (step (E4)), are similar to the reaction pro-
cesses of pathways (E1) and (E2) mentioned above. In addition,
similar to the pathways (E1) and (E2), EP3 is the relatively sta-
ble product of allenes along with the pathway (E3).
As discussed in section 3.1, cyclopropenylidene can only
insert into the CAO bond of oxirane but not into the CAC
bond. Therefore, there are no analogous pathways for cyclo-
propenylidene and oxirane as illustrated in this section.
3.6. Comparisons of the reaction pathways
As mentioned above, allenes and alkyne products can be pro-
duced between cyclopropenylidene and epoxypropane through
four different reaction pathways (E1), (E2), (E3), and (E4). In
the insertion reaction of the polar CAO bond of epoxypropane,
EIMa with spiro characteristics and EIMb with carbene charac-
teristics are the common intermediates for the pathways (E1)
and (E2). The step (Ea) in the R1 + ER2ﬁEIMa process is the
crucial step for the above two pathways, with reaction barrier
of 205.1 kJ/mol. As for the formations of EP1 and EP2 in steps
(E1) and (E2), the corresponding barrier heights are 124.6 and
131.2 kJ/mol, respectively. Therefore, from the kinetic view-
point, the reaction pathway (E1) is the most favorable channel.
However, the title reaction seems to be difﬁcult because of the
high barrier of the crucial step (205.1 kJ/mol). For the ﬁnal
products of EP1 and EP2 in the pathways (E1) and (E2), their sta-
bilities are exactly similar (EP1:355.1 kJ/mol, EP2:344.0 kJ/
mol). Therefore, from the thermodynamics viewpoint, EP1
(allenes) is a slightly dominated product. As for the pathways
(E3) and (E4), it is slightly difﬁcult for cyclopropenylidene to
insert into the CAC bond of epoxypropane. Therefore, path-
ways (E1) and (E2) are the primary reaction processes.
As for the reaction between cyclopropenylidene and oxi-
rane, cyclopropenylidene can only insert into the CAO bond
of oxirane. The corresponding steps are similar to the insertion
of cyclopropenylidene into the CAO bond of epoxypropane.
4. Conclusions
In this study, the mechanisms of the ring expansion reaction
between cyclopropenylidene and epoxypropane (or oxirane)
have been systematically investigated at the MP2/
6-311 + G* level of theory. It was shown that there are two
primary pathways (E1) and (E2) and two secondary pathways
(E3) and (E4) for the title reaction. Through the steps (Ea)
and (Eb), EIMa and EIMb have produced, which are the com-
mon intermediates for the pathways (E1) and (E2). Through
the H-transfer process, EIMb transforms into EP1 (pathway
(E1)) and EP2 (pathway (E2)), respectively. Despite the much
high barrier, the pathway (E1) is the most favorable channel
from the kinetic viewpoint. In addition, from the thermody-
namics viewpoint, EP1 of allenes structure is the predominate
product. As for the reaction between cyclopropenylidene andoxirane, only the CAC bond insertion has been observed,
where the reaction mechanism is similar to that of the reaction
of cyclopropenylidene with epoxypropane. As for the products
of the title reaction, the allenes are the dominant product.Acknowledgments
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